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Outline

 Physics of SNRs

— Very power physics experiment in particle acceleration
and the structure of the interstellar medium

— (Brief) Review of gamma-ray emission mechanisms
 Gamma-ray Studies (by Fermi-LAT)

— Fermi has detected young, and middle-aged SNRs (typically
interacting with molecular clouds)

SNRs in the wild: A few interesting cases in detail

e Key Questions
— Do SNRs accelerate particles?
— Do SNRs accelerate protons (what is the e/p ratio?)

—What is t
—What is t
—What is t

ne total energy converted to relativistic particles?
ne maximum energy of accelerated particles?

ne mechanism (how is B-field amplified)?

Thursday, May 31, 12



o crmi Extreme Laboratories

Massive Target

Cloud probed by
radiative shocks

|deal labs for particle acceleration... nearby, well defined
source of energy, and seen in all wavebands.

What is the CR yield from SNRs?
how does it vary with... evolution, environment

How do CRs diffuse into the ISM?
study escape / diffusion in dense gas

Thursday, May 31, 12
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o crmi Extreme Laboratories

G

Accelerator Massive Target

Cloud probed by
radiative shocks

|deal labs for particle acceleration... nearby, well defined
source of energy, and seen in all wavebands.

What is the CR yield from SNRs?
how does it vary with... evolution, environment

How do CRs diffuse into the ISM?
study escape / diffusion in dense gas
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<=ami Origin of Galactic Cosmic Rays?

Gan

- Space Telescope

discovered in 1912 (Victor Hess) CR Spectrum
accelerator |S Stl” unknown Scientific American, {(c) 1998

| PARTICLE

PER SQUARE
METER PER SECOND

. .. supernovae are the “usual suspect”

| PARTICLE
PER SQUARE
. METER PER YEAR

1 PARTICLE
PER SQUARE
KILOMETER
PER YEAR

1 SN/30 yr x 10°7 erg x 10% = 104! erg s

4 )
Energetic enough to supply Galaxy w/ CRs

Ginzburg & Syrovatskii (1964)

Lcr ~ (1 eV/em™) X Vgal / tesc = 10%° erg s
Vga ~ 11 (200 pc) (15 kpc)? ~ 4x100 cm?
tesc = 2x107 yr

T [ U] FrUE U | L

RELATIVE PARTICLE FLUX (LOGARITHWIC LNITS)

JENNIFER C.CHRISTIANSEN

\ ) IO:; l 0 Il:|‘| : I.:]vl 4 I |:|'| 6 |0'| 8 l 0;70

But not uniquely energetic
Pulsar spin-down energy... requires ~1 MSP/100 yrs
Colliding stellar winds? Novae? Galactic Rotational energy... ?
Merging SNRs into super-bubbles... ?

Thursday, May 31, 12



s ermi SNR Evolution

Probing a small region of the ISM with ~10°" erg (1033 atom bombs)

Simplest case: Sedov-Taylor solution
1. Free Expansion

Iast.s ~100-1000 years, CIRCUMSTELLAR
until Mswept-up — Mejecta GAS

constant T, Vsh ~ constant SHOCKED

2. Adiabatic expansion (Sedov) HECTA

T ~ R, Ve, ~ R92 cooL
EJECTA

ejecta mixes with ISM, ~20 kyr

FORWARD
3. Radiative phase (Snow-plow) SHOCK WAVE

T<10° K, Vsh ~ RS
electrons recombine
radiative cooling dominates

Dense ISM can hasten the onset of radiative cooling

Thursday, May 31, 12
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o crmi Environmental complications

e But it's not that simple... the surrounding medium is highly structured.
* Progenitor massive star has clumpy winds B
Rapn oF H 11 REGIONS AND WIND BUBBLES 0 2
Mass - —_—— M T R,
(Mg)  Type ()  (Mgyr) (yr) (pc) 30
. | TRIESE o9V 13.6 1x10°7 ¥ 5 40° 11 7y
| RN BOV 8.0 6 x 108 9 x 108 10 g’
195 o B1V 1.6 6x10°° 13x105 53 T2
|| SRS B2V 1.0 §.ac 107 % 18 x 10° 2.6
R/ B3V 0.5 §-ae: 107 26 x 108 0.8
10
oL
e Later, SNR may o
=45x10°K
encounter dense n=35% 10° e

x=1.0

molecular cloud.

WNM

T=8.000K
n=037cm™

x=0.15

WIM

T=8000K
n=025¢cm™

x =0.68

CNM

T=80K
n=42c¢cm™
A x=10"
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Environmental complications

e Evolution of physical quantities of the SNR (w/progenitor bubble)

from Caprioli (2011)

B " d
-/‘

> Ejectc—dominated | Sedov—Taylor : : /_.-" 2
1000.00 0 e .
= I ! R M[MSun] .
- S [ 7 g
. Bylu,b] I 3 -

e & e [ I
100.00 Bouiig | y AR e (I
- ~ | n RanlPC] 3
— e ~ l . _—_/__/___1
- T ~ /d‘"{{/"b 3
_ | i ______________________ A
1000 = __.:/,:'/’(\ | ’_I‘k —
;‘ ------- P b . L i \ =1
T — o s ~ o A
B \'\, ,// _/'/. T

" /
T OO ™™ T 4
= o ! r:?-:::[ .
E 5. ! | .
: p[r ] i [ : : -
0.10 |
. = N | | =
E H . i Venl 1000km /s] 3
B : ™. I i i
_ ! B ' ' |
| .

= . ok s s =
0.01 : ! RG Wind 1Bubble! ISM S

r ll 1 1 L ll 1 1 l.ll

4
102 103 ‘|O 105
Age [yr]
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«ni  and there's a Pulsar Wind Nebulae?

e Particles accelerated by pulsars can power a nebula within the SNR

— The termination shock (where the

. . . 1.0[ BT B 3
wind is decelerated by sweeping - Ben | Drven | Adpeti
up ejecta from the SN explosion) D “ !
can accelerate particles ;
1 4
~ !
: /
Medium SNR = | ‘
/\
0.1 1.0 10.0
Pulsar @ —> 4 | Time (in 10° years)
Ram pressure 10% ; ' T
< 100} 1\—1/\//
:‘ 10—2" .
Swept up mass 2 | (1) Pusar Wing (2) Ejecto | (3) Snockes
'\E; 10”4 \7 Moterial J interstetior| |
§ 10-6} A
10'8. AR, SR~ [
0 2 4 6 9

Radius (in parsec)
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D — Diffusive Shock Acceleration

G

' S - T“ Qe

 CRs scattered by magnetic fields back-and-forth across the shock
front, gaining energy (Acceleration = Diffusion.)

 Escaping the accelerator: those CRs that reach a “free-escape”
boundary can diffuse into the surrounding ISM.

Shock wave

~N

SN explosion

Vbs Vsk =Yg
—=
Xarged particle

moving through
turbulent B-field

 Key unknown is the injection efficiency... which determines the total
yield of CRs from the SNR integrated over it’s lifetime.

* Also, how/when are B-fields amplified and maintained?

10
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D — Diffusive Shock Acceleration

G

' S - T“ Qe

 CRs scattered by magnetic fields back-and-forth across the shock
front, gaining energy (Acceleration = Diffusion.)

 Escaping the accelerator: those CRs that reach a “free-escape”
boundary can diffuse into the surrounding ISM.

Shock wave

~N

SN explosion

Vbs Vsk =Yg
—=
Xarged particle

moving through
turbulent B-field

 Key unknown is the injection efficiency... which determines the total
yield of CRs from the SNR integrated over it’s lifetime.

* Also, how/when are B-fields amplified and maintained?

11
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o crmi Diffusive Shock Acceleration

C:vv
' S,’n’:; & Tf'lf' scope
v

* |ndirect evidence for B-field ampl. and CR accel. in Tycho.

Warren+05 _ ‘ } . a
Chandra shock heated R

12
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«eami NON-thermal Emission Mechansims

amma-ray

/ Space Teleampe

e Existence of a powerful particle accelerator is not sufficient for y-ray
production; a dense target (or photon field) is required.

Target = matter, radiation, B-field

Dense
molecular

Dense cloud = massive detector i

favors pion decay or brems.

Supernova
Leptonic  Inverse Compton remnant
Bremsstrahlung

: _ Compressed
Hadronic  Neutral pion decay e FEIEET

Inverse Compton
scattering— y-rays

Briefly reviewed...

13
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s ermi Pion Decay

 When a CR proton collides with a thermal proton/nuclei, produces T
0 instantaneously (10-'° s) decay into a pair of y-rays

« Threshhold is mn/2 ~ 70 MeV (creates a “mm® bump” in spectrum)

L.o(E,) ~ 1.5 x 10" '%a_ nE. * photons GeV ! s~!

Thanks NASA! (from http://svs.gsfc.nasa.gov/goto?10690 )

for an overview of radiation mechanisms see Gaisser et al. (1998)

14
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s ermi Bremsstrahlung

« “Breaking radiation” produced by the deceleration of charged particle,
when deflected by another charged particle.
(Typically taken as when an e- is stopped by matter)

Lyem(E) =7 x 10" *°a,nE * photons GeV~' s~!

Thanks NASA! (from http://svs.gsfc.nasa.gov/goto?10690 )

for an overview of radiation mechanisms see Gaisser et al. (1998)
15
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abcrm! Inverse Compton

* |Inverse Compton upscattering occurs when a charged particle
transfers some of its energy to an incident photon (typically the CMB).

Li(E,) ~ 1.3 x 10~ '%g,E; %2 photons GeV~! s~1

Thanks NASA! (from http://svs.gsfc.nasa.gov/goto?10690 )

for an overview of radiation mechanisms see Gaisser et al. (1998)
16
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/o

D — Simulated SNR Spectrum

Gan

/ S.".’u‘ & T:"le"‘.&'ul‘.:"
|

* From simulations of Ellison et al. (2009) which assume injection
efficiency and non-linear DSA

Must consider B-field, diffusion lengths

FS Distribution functions of different energy electrons, etc

SNR age = 1000 yr

31 S BFUE | ST SR T NN TN S T - n .
-6 -4 -2 0 2 4 6 —-12 -9

Log,o {[p/(m,c)]* N(p) (m_/M)}

from Ellison et al. (2009) 17
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s, crmi The Example

G

RX J1713.7-3946

age: 1.6 kyr, dist: 1 kpc X-ray synchrotron

yearly variability =>1 mG ?
clear evidence of e- acceleration

TeV gamma-rays
hadronic (p*) or leptonic (e-)?
mp/me — 1836

2005 2006

Aharonian et al. (2006)

Clear evidence of relativistic particles... but what yield of p*? e-?

Thursday, May 31, 12
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RX J1713.7-3946
age: 1.6 kyr, dist: 1 kpc

Nonthermal models can
explain TeV spectrum as
either leptonic or
hadronic emission...

But Fermi LAT occupies
the key energy range to
differentiate models.

Lack of thermal X-ray
emission indicates SNR

in a very low density ISM
(Tanaka et al. 2008)

The Example

-t
Q
0N

E? dN/JE [ MeV cm™? s]

—
Q
o

|

T

- M°-dominant

Mixed %I

m

Inverse Compton
B-Field ~ 10 uG

- >

L1 Ylll

HESS (Aharonian et al. 2007)
Ellison et al., 2010
Ellison et al., 2010
Zirakashvili & Aharonian, 2009

Zirakashvili & Aharonian, 2009
llll 1 lllllll 1 11111111

10°

10*

10° 10° 10’

Energy [ MeV ]

10°

19
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— The Example

CIJ" a-ra

* A heroic analysis of Fermi-LAT data... reveals an SNR, just visible in an

ocean of Galactic diffuse emission.

1FGL J1720.7-3707¢
a
%
I

o 1FGL J1717.9-3729

0 NI _ e 3

o
o)
)
g I
S |
S |
s 9 O BGS J257.5-
C O .
= O T TN T -
U ¥ i
L I
- 258.8-40.5 '

7 NFGL J1705.5-4034c
|
4110c0]

o 1FGL J1702.4-4147¢

N

Y

262.0 260.0 258.0 256.0
Right Ascension (J2000, deg)

500

400

300

200

100

Smoothed
Counts Map
E>3GeV
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%/m: The Example

Gamma-ray

o srTaion RX J1713.7-3946

* A heroic analysis of Fermi-LAT data... reveals an SNR, just visible in an
ocean of Galactic diffuse emission.

Smoothed
200 Counts Map
2 E>3GeV
= 150
o)
= 100 _ Gal. Diffuse
e
S 5o  and sources
©T o
C .
o 0
w I
()
-50
-100
Q
§ -150
-200

262.0 260.0 258.0 256.0
Right Ascension (J2000, deg)
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s ermi T'he Example
G S RX J1713.7-3946

* A heroic analysis of Fermi-LAT data... reveals an SNR, just visible in an
ocean of Galactic diffuse emission.

Smoothed
200 Counts Map
¥ E>3GeV
0 150
g 100 - Gal. Diffuse
5 50 and sources
T o
£ Q9 0
g ¥ - SNR model
-0 (Hess TeV)
-100
o
S -150
-200

2620 2600 2580  256.0
Right Ascension (J2000, deg)
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o ermi T'he Example
S T RX J1713.7-3946

* A heroic analysis of Fermi-LAT data... reveals an SNR, just visible in an
ocean of Galactic diffuse emission.

TS Maps
Background Subtracted

-37.5 -37.5

Glctic Diffuse SNR Emission

-38.0 -35.0
~-38.5 -38.5
o =33.0 3.0
=]
o
™~
=
it -39.5 39.5
S
Q
ot
o 3 =90.0 40.0
el
-
g -40.5 0.5
o
~-4q1.0 Q1.0
3
-41.5 41 5
20(¢
-42.0 42.0
10¢ 5
261.0 260.0 259.0 258.0 257.0 256.0 255.0 261.0 260.0 259.0 258.0 257.0 256.0 255.0 261.0 260.0 259.0 258.0 257.0 256.0 255.0
Bight Ascension (J2000) Bight Ascension (J2000) Bight Ascension (J2000)
n n
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o crmi The Example
/S Toame RX J1713.7-3946

e Protons or electrons? . . . Fermi favors electrons (or possibly a mix)
 Hard GeV photon index = 1.5 £0.1(stat) £0.1(sys)

o R =
: :
=N ¥ 3,I0
% () ,{*"“’\f‘;j\
= = ~ A\
% 10'5 L_[o_l 10—5 — \{* ;
-~ = I
= 4 - \ B
© O - \ [T
o w :
A&
E \
‘ )
= \
\\
. ———@——  Fermi LAT (24 months) o ——@——  Fermi LAT (24 months) \ 1‘1 [
1 0 = ——e—— HESS (Aharonian el al. 2007) 1 0 - / et HESS (Aharonian et al, 2007) \ ‘
—————  Berazhko & Voalk 2006 E % i \
% y, — e =+ Porier ot al, 2006 \
Ellison et al. 2010 (x* dommnated) v / § : . \ |
Zrakashvili & Aharonian 2009 (x° dominated) 'é/ B \ |
Zirakashvili & Aharonian 2009 (IC/x° mixed) Zirakashvill & Aharonian 2009 (IC dominated) 11
‘lllll | | ‘llllll | lllljl | | ] . V[[l[l | 1 \[11111 | 111 1 | L 'lllll 1 1 ’lllill ! 1 llllil 1 | L] . 'llll 1 1 ’llllll 1 I illll
10° 10* 10° 10° 10 10° 10° 10°* 10° 10° 10 10°
Energy [ MeV ] Energy [ MeV ]

* Note: Diffuse systematics estimated by using alt. Galactic background
models generated by GALPROP. In the plane it's very important to
verify sources are robust against such a strong background.
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Fermi-LAT images GeV SNRs

NASA’s Fermi telescope resolves supernova remnants at GeV energies

Thursday, May 31, 12



Rua— The SNR/PWN source class

S e T ope

e |In 2FGL, 89 associations with SNR/PWN (#3... after AGN,PSR)
But there is a high probability for chance associations (~45%)

e Evidence for source extension is the key discriminator for identifying
SNRs and PWNe (Pulsars are and will always be point sources)

e 279 known Galactic SNRs. 60 flgure courtesy of Jamie Cohen
LAT PSF allows ~25% of SNRs
to be potentially identified as |
extended GeV sources.

1
LAT 68% Front PSF at 10 GeV
- LAT 68% Front PSF at 1 GeV
Bl Green's Catalog SNRs
Bl Potential Interacting SNRs
Bl LAT Detected

e (GeV source morphology is
inherently interesting:

— comparison with TeV 20

— CR escape/diffusion 10

— localized CR acceleration

8.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Radius (deg)

Note: Guide to extended source analysis on fssc web:
fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/extended/extended.html

26
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A~

- GeV Identified SNRs

Gamma-ray

/ Space Tel»:--‘.m;:r’-
]

 To date ~13 SNRs identified as GeV sources, either by spatial
extension, or ruling out other sources (PSR, PWN).

SNR name Index 1 Index 2 Epreak (GeV) Age (kyr) Ref.
Cassiopeia A ~-2.1+£0.1 -2.410.27 >100 0.33 2]
Tycho 2.340.2  -2.040.5" - 0.44 3
Vela, Jr. ~-1.940.2  -2.140.27 — 0.7 4]
RX J1713.7-3946 -1.540.1 -2.14+0.1 * - 1.6 5
Cygnus Loop -1.83+0.06 -3.2+0.2 2.410.3 ~20 7]
S147 1.440.5  2.540.2 1.040.8 30 8]
W49B —2.1840.04 -2.940.2 4.84+1.6 ~4 (9]
CTB 37A -2.2840.1 - - ~15  [10,16]
W30 2.14+0.1  2.740.1 2.4+41.2 25 (10,11]
IC 443 -1.934+0.03 -2.56+0.11 3.25+0.6 10-30 [12]
W44 -2.1£0.1 -3.0£0.2 1.9£0.5 20-40 13
W28 -2.140.3  -2.74+0.1 1.040.2 35-150  [14]
W51C -1.97+0.08 -2.44+0.09 1.9+£0.2 20-40 [15]

*Index is taken from TeV ACT measurements.
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GeV Luminosity [10%* erg s™' ]

~

sermi Emerging classes of y-ray SNRs

G:
Telescope

 How does the cosmic ray content of SNRs vary with age?
Do we see evidence of spectral evolution”? Luminosity changes?

T T T T T T T T T T T T T 1T 10 =
I | ] I - ® W51C
— 20,000 yrs ® Wi4
102 |- SNR with MC - N /.»'.'.-.._‘ ® RXJ1713.7-3946
— 10“0 = 7 ‘.\ ® CasA
- — P Sar W .‘°‘\ ¥
¢ o ® » =/ /f ¢
] Q 7 % = ;S 30,000 yrs
[s] &= e
o} o B \\ ,/’+’
8] o A1l -
100 - ° 4 & "E P > s U
0 Tycho ~ P - ==
0O L /” ]/ #
Cas A 'Q / P
= RXJ1713 - Z d
0 S e/
W E
1072 — — -/ \
10 Fermi LAT energy range \
Ll ll“lll Ll lllllll Ll ‘llllll L lllllll Ly / ‘\ \
100 10l 102 103 104 [05 = ol 1l Ll L raaand SRR L el L1
: 2 2
Diameter™ [ pc” ) 10° 10° 10'° 10" 10'2 10'® 10"

Energy (eV)

 Perhaps, but these could also result from different environments
which favor different emission mechanisms.

=> SNRs need to examine on a source-by-source basis.
28
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GeV Luminosity [10%* erg s™' ]
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sermi Emerging classes of y-ray SNRs

G:
Telescope

 How does the cosmic ray content of SNRs vary with age?
Do we see evidence of spectral evolution”? Luminosity changes?

T T T T T T T T T T T T T 1T 10 =
I | ] I - ® W51C
— 20,000 yrs ® Wi4
102 |- SNR with MC - N /.»'.'.-.._‘ ® RXJ1713.7-3946
— 10“0 = 7 ‘.\ ® CasA
- — P Sar W .‘°‘\ ¥
¢ o ® » =/ /f ¢
] Q 7 % = ;S 30,000 yrs
[s] &= e
o} o B \\ ,/’+’
8] o A1l -
100 - ° 4 & "E P > s U
0 Tycho ~ P - ==
0O L /” ]/ #
Cas A 'Q / P
= RXJ1713 - Z d
0 S e/
W E
1072 — — -/ \
10 Fermi LAT energy range \
Ll ll“lll Ll lllllll Ll ‘llllll L lllllll Ly / ‘\ \
100 10l 102 103 104 [05 = ol 1l Ll L raaand SRR L el L1
: 2 2
Diameter™ [ pc” ) 10° 10° 10'° 10" 10'2 10'® 10"

Energy (eV)

 Perhaps, but these could also result from different environments
which favor different emission mechanisms.

=> SNRs need to examine on a source-by-source basis.
29
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s, crmi Emerging classes of y-ray SNRs

w )
Space Telescope
W

e |dentified SNRs generally fall into two classes:

Young SNRs Older SNRs near clouds

e X-ray synchrotron, multi-TeV electrons  ® th. x-rays ~1 keV, late-Sedov/radiative

® ongoing particle acceleration ¢ |nefficient accel. of e~ at TeV energies

e but age-limited fast losses via synchrotron emission

® |arge target (enhances luminosity)

~20,000 yr

red: Radio, green: Hy, blue: X-ray

image: X-ray shock, ejecta

30
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s ermi Young SNRs: Cas A

G ,
Space Telescope
4

e Remnant of a Type llb (core-collapse) SNe around AD 1680.
* Angular size only 2.5 arcminutes (Veritas detects TeV point source)
e Clear spectral differences: Cas A(~330 yr) vs RXJ1713(~2000 yr)

10-9 2 1 ] L] I ) I 1 l

10— 10 3 RX J1713.—-7-3946

T"""“*.

Cas A ’* ’Q
o #
3 TR S *T

i R
100-12 |- | ?\T%\

10_" —

vf, [erg em™% 7]

10-13 L

10—1‘ 1 | 1 | L | 1
106 108 1010 1012 1014
E [ev]

e Tycho's SNR (Type la in AD 1572) shows similar index ~2.2
and comparably small diameter (=> point source at GeV/TeV)

31
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Young SNRs: Cas A

e Both leptonic and hadronic origins are viable
e X-ray synchrotron filaments widths, variability => B~0.3 mG (Parizot+ 2006)

disfavoring Leptonic models

] T 1 L] 1 | | N L T T | T T ]
Hadronic model - Leptonic model
10-10 |- —. - 10-10 = .
: cutoff @10TeV .
=23
= Fermi=LAT No-cutoff I 0.12 mG Fermi—LAT
| '
Bl el L = - i e E e S 4
: ; MAGIC : : ¢ ]
(3 E ;
o ] o .
? ~ 1 ? i
x> ' = ,
s 10712 | P E % Ay e -~ : )
; ] : e ~ ]
- b "_»' g \ .
~ ".. .“ \ -
0-13 L < 018 L b ’
l l N L L : P~ » | 1 l N \Al ‘-.7 \1 \ l :
108 1010 1012 1014 108 1010 1012 014
E [ev] £ [ev]

e |Leptonic model:
Wp = 0.4x10°° erg We = 0.4x10°0 erg
forny =10 cm™3 fornh =10 cm

e ~few% efficiency in converting Ekinetic to CR protons
 Fermi may prove hadronic model, observing “pion bump” ~80 MeV

e Hadronic model:

32
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s ermi SNRs Interacting with Clouds

e “Middle-aged” (~20,000 yr) SNRs show GeV emission well-
correlated with morphology of dense cloud.

nH, )_1

Top = (nCcko,y) 't~ 3 x 10° yr (

100 cm—3

CO contours H> contours .
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4

 Hadronic or Leptonic emission?

* Pion-decay produces reasonable fit
e <Ny>=100 cm-3 (Reach et al. ‘05)
e B=70 G (~1 mG for 10° cm-3, scaling as B~n")

e assume Kep ~ 0.01
=> Wp = 6%10% erg, We = 1104 erg

e Brems. model at the limit of reasonable

—a
o
I

vF, [erg em™ 7]

e
o
I

—
o

.

o

|
.
—

.
N

10—13

e <ny>=3000 cm-3, much higher than observed

e« B=220 uG (B>100 uG, no break <10 GHz)

e assume Kep=1 (must be >0.1 to pion decay)
=> W, = 3%x10%7 erg

* If Fermi can measure spectrum at 20-100 MeV
can discriminate between pion, brem. models
(pion decay has sharp drop-off)
or measure Kep directly if both contribute.

vF, [erg em™ s7']

0-10 |

o

o

|
—
—

0-12 |

10=13

s crmi SNRs Interacting with Clouds

W44 SED fitting

N\
brems from secchdories

inverse Compton

1014

10—4 100 104
Energy [eV]
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s crmi SNRs Interacting with Clouds

Gas

g Sooce Teescos

e Most SNR/MCs show break at ~few GeV (not bright TeV sources)
 Dense gas favors pion-decay or bremsstrahlung

—if e/p ratio is << 1, then hadronic origin favored

— Leev ~ 102° erg/s, among the most luminous Gal. y-ray sources
 Two general models:

— Runaway Cosmic Rays: old ol 1
SNRs cannot confine CRs, which s.00f =

diffuse into nearby clouds. SR N . d
— Crushed clouds: radiative e, %% t ¢
shocks into the MC allows high F _ammam D 0

as compression, adiabaticall ”
g p , y 0.0} _#_—o—w! .

vL, [10°° erg s7']

compressing and re-accelerating 0.05
CRs, to enhance Lgev

r]r

l ! J A lLLl
5.0 10.0

E [GeV]

A 1 J ahedal
50.0 100.0

o.o A I I} l 4 ijl
6.1 0.5 1.0

 How is CR acceleration different in dense environments?
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 With 3 years of data, W44 shows nearby sources outside radio SNR.
Possibly CRs that have leaked out into nearby clouds

- 1 .

2FGL J1857.6+0211

287.000 286.000 285.000 284.000 283.000 282.000 281.000 .g287.000 286.000 285.000 284.000 283.000 282.000 281.000

 |If confirmed, probes CR diffusion in molecular clouds! Uchiyama+ 2012
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B foiy
e LAT spectrum of nearby sources (09}t == Dn=01 o AGE@UID].
appears consistent with SNR | ; |omDamao e smonz |

Lo
R
3
—
L ™
2
—
‘ -
v
l
e
Ny
E? AN/AE [erg em “ s ')

28 p 08 s e A
Dism(p) = 107 Dos (10 GoV c—l) em® s, @
107 108 107 10 10 1072
E [eV]

e For D2s~0.1-3: Wesc ~ 0.3-2.7x10°° erg (Mcioud/10° Msol)
e W44 hadronic model: Wecr,p ~ 0.4x10°° erg
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 Most recent LAT-identiflied SNR (Katsuta et al. 2012)
e OId (2-10 kyr), large (D~76 pc), and nearby (1.3 kpc) SNR

* No evidence for interaction with dense cloud, but there are bright
Halpha filaments, indicating radiative shocks (vs ~500 km/s)

Radio 11cm map Ha Optical image
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S>ermi 8147

 Near anti-center, so relatively low Galactic background in plane.

1.5 3.0 4.5 6.0 1.5 3.0 4.5 6.0 0.0 0.4 0.8 1.2 1.6

100~
| —
| |

90 - -

80

'1("-:43 ‘ 70

1FGL J0549.9+-2654¢

0° g o~
= Q
1IFGL JO538.6 +2717
Crab

60

TS

50

40

30

20

10

| | | -
185° 180° 175° 185° 180° 175° 185° 180° 175° 0 50 100 150 200 250 300 350 400
[ [ l SNR size [arcmin)

 What is the spatial structure of GeV emission?
Disc Gaussian Ring

28.0

27.0 27.0

26.0
87.0 86.0 85.0 84.0 83.0 87.0 86.0 85.0 84.0 83.0
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 Near anti-center, so relatively low Galactic background in plane.

1.5 3.0 4.5 6.0 1.5 3.0 4.5 6.0 0.0 0.4 0.8 1.2 1.6 100~
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 What is the spatial structure of GeV emission?
Disc Gaussian Ring Ha Filaments
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Gammara

Space Telescope
4

 LAT spectrum shows curvature. . . as does the Radio SED

Spoctrum of 5147
- MEN | What is going on?
Ty 10 LTl N i Diffuse emission
5 g ’ has radio break,
s | é | ‘ | but filaments do not
i 1A0 100 i 1 N X N M N 2 2 {
E [GeV] 01 02 04 . ;Q um; [su:; 10 20 40

* Requires modeling multiple emission zones within the SNR:

Gas properties filament diffuse
assumed parameters
Preshock magnetic field: B, 3-10 uG Biswu 1-5 uG
Gas density: T 100-1000 ecm™—* =
Temperature: T; 2 x10* K -
Shock velocity: Vg 100 km s~! -~

dependent parameters

Magnetic field: B B¢(ng, T7) 2 By 3-16 uG
Preshock gas density: Nate 1-7 em™* nisv  0.03-0.1 em™3
Gas density: - NH4 0.1-0.4 cm™3
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e Hadronic model gives good fit: 10°F " at) n.~t00ca=
Nfilament ~ 200 cM-3
B ~ 200 uG

fvolume ~0.4 %
WecRr,p ~ 5x104° erg

e |eptonic model has too few
CR p* (only ~1/3 ISM content!)

e Suggests e/p ratio < 0.3

 CR re-acceleration can also P
explain GeV emission. | o
* Requires only that the SNR LA 7
re-accel. pre-existing CRs in e '-
ISM due to high compression LG e . -
ratio (~50) in filaments S AN v .
o 1077 10°% 10® 107! 100 10 10° 107 1P 10M
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ami  MSH 11-62: PSR, PWN or SNR?

Gammara
v Space Telescope
 Young SNR (~1,200 yr) with radio/X-ray PWN + PSR candidate
30 mE Radio map GeV point source
N X-ray PWN(+PSR?) - -
L AR S~ A MSH 11-62
. H i ‘ -60:00 |
o : .y =)
5 S = :
= S s ] % 30}
o] | 5 { O
§ -60:40 § E 60401 * ] §
-(_—J- é 41 f—) -61:00 §
8 = a
44 § aak
46 & 720 10111200 50 40 30 11:20 . . .
' - . . Right Ascension (J2000) 18:00 14:00 11:10:00 06:00
13:00 30 11:12.00 30 11:00 Right Ascension (J2000)

Right Ascension (J2000)

 Fermi-LAT detects a source at >500 MeV (Slane et al. 2012)
* No pulsations found in a blind search
 What is source of GeV emission?
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omi  MSH 11-62: PSR, PWN or SNR?

e Hadronic SNR? e PWN? (no TeV detection)
requires density ~7 cm3 need Edot ~ 1039 erg/s >> any known PSR!
>> density from th. X-rays R
] S 50 F B LGRS SLELEE S RS i
e Leptonic SNR? Z 45 3
for n~0.1 cm™3 requires @ OF \ E
-1 E i b gegepey S G g g g I geegeeeng 3]G Tramias
E,>10°" erg unless e/p >0.7 3 30 & ¥ L = + =
I EE3RA RERES RAZS REES ELERY Log Electron Energy (eV)
A_lo._leolzG hadronic _] _10_ —————r——r—rT T
T Z ' = - MSH 11-62
P Y -1 -
=] 80
o —14 | o - -
i;i R S I EAE | = R -
oy i
> -10 B =206 z :
5 I * =13 |- =
N w |
w-12F  F b
3 [ / S SRR N P P || SR
L. & -15 -10 -5 0 5 10
-14 -/ Log Photon Energy (MeV)
0 s sanbiny
-15 -10 -5

Log Energy (MeV) e PSR? Spectrally fits the LAT SED, but
estimated age Is too young to explain PWN
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summary

e Key Questions
— Do SNRs accelerate particles?
— Do SNRs accelerate protons (what is the e/p ratio?)

—What is t
—What is t
—What is t

ne total energy converted to relativistic particles?
ne maximum energy of accelerated particles?

ne mechanism (how is B-field amplified)?

 Fermi-LAT has clearly identified many interesting cases for study
~13 identified SNRs to date.

 Two emerging classes:
— Young SNRs detected in TeV
— Older SNRs interacting with dense gas

 Fermi occupies key energy range to differentiate between hadronic
and leptonic models.
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“ermi the future

Gammara
' S' e T"l,"...'l.:‘

e GeV SNR associations growing nearly linear with time!

e How many SNRs do we expect to detect?
— if gamma-radio correlation holds, can expect XXX SNRs

* Are we getting to the range where non-detections are interesting?
— hard spectrum SNRs => |C?

e That's great, but if I'm not fitting emission from the SNR do | really
need to worry about SNRs?

— Bright, extended SNRs leave nasty residuals if modeled as point
sources.

— SNRs and PWN can lead to source confusion.
 Green’s catalog of SNRs: http://www.mrao.cam.ac.uk/surveys/snrs/
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